A method for comparing amino acid compositions of proteins (CornishBowden, 1977) has been extended to allow proteins of unequal lengths to be compared. The method has been tested by applying it to proteins of known sequence. It tends to exaggerate the amount of difference between unrelated proteins. It is therefore a reliable guide to possible sequence similarities, in that it does not suggest that sequences are similar when they are not, though it sometimes fails to detect genuine similarities. When applied to related proteins the method gives results in good agreement with those predicted. A phylogenetic tree for 37 snake venom toxins has been constructed from their compositions and is similar in most important respects to one constructed from the corresponding sequences.
Introduction
In a previous paper (Cornish-Bowden, 1977 ) I proposed a theory for the use of amino acid compositions to estimate the amount of identity between the sequences of pairs of proteins. The composition indexes of Marchalonis & Weltman (1971) and of Harris, Kobes, Teller & Rutter (1969) proved to be particularly simple to interpret, at least in the simplest case of proteins of equal length ; but further study showed that the index of Metzger, Shapiro, Mosimann & Vinton (1968) could be analysed similarly (Cornish-Bowden, 1978a) . In developing the theory it was necessary to make a statistical assumption about the distribution of the various types of amino acid in proteins, and the validity of the theory thus depends on the validity of this assumption. It is obvious that proteins would be unable to fulfil their biological functions if the distribution of residues were entirely random, and in any case there is ample evidence (Holmquist & Moise, 1975; CornishBowden & Marson, 1978) that it is not. Nonetheless, it is not wholly unreasonable to argue that dlfirences between closely related proteins must occur at sites where the requirements for particular types of amino acid are weak, and that these differences may be distributed in a way that can be 370 A. CORNISH-BOWDEN analysed as if it were random. (To understand how a non-random sequence can be analysed as if it were random, it may be helpful to consider the decimal expansion of a transcendental number such as rc: the sequence of digits is entirely predictable, but it will give an insignificant result to any statistical test of the hypothesis that the digits are distributed multinomially with a probability of 0.1 of finding any digit at any site.) In this paper I shall give evidence from proteins of known sequence that the theory provides results in accordance with expectation when it is applied to related proteins. but that it tends to underestimate the amount of similarity between the sequences of unrelated proteins. This tendency to underestimate the amount of similarity in such comparisons is hardly a disadvantage because it means that there is a negligible danger of deducing a sequence relationship between two proteins if none exists. The difference between the behaviour with related and unrelated pairs of proteins can be explained by the fact that it is a reasonable approximation to suppose that the amino acids are distributed similarly in related proteins but there is no reason why such an approximation should hold in comparisons between unrelated proteins.
There have been several previous investigations of the behaviour of composition indexes when applied to proteins of known sequence (Marchalonis & Weltman, 1971; Harris & Teller, 1973 : Dedman, Gracy & Harris, 1974 Black & Harkins, 1977) . These have al) suffered, however, from the absence of any theoretical knowledge of how the indexes ought to behave, and especially from the failure to realize that the interpretation of most indexes is crucially dependent on the lengths of the proteins compared. For example, a value of 20 for the "difference index" of Metzger et al. (1968) . would indicate a very high degree of sequence identity, of the order of 950;,, if it referred to a pair of proteins with 20 residues each; the same value of 20 would indicate negligible relationship if it referred to a pair of proteins with 100 residues each. To obtain useful information from a comparison between compositions, it is necessary not only to allow for this length dependence, but also to correct for any appreciable difference in length between the two proteins compared: this can be done by a simple extension of the earlier theory.
Some of the results in this paper have been described in preliminary form elsewhere (Cornish-Bowden, 19786 
i= 1 in which niA and niB are the numbers of amino acid residues of the ith type in A and B respectively, and the summation is carried out over the 18 types of amino acid that are readily distinguishable in composition measurements. Apart from simplicity of calculation, the main advantage of this index is that it is an unbiased estimator of the number of differences between the two sequences, if one assumes that the probability pi of finding the ith type of amino acid at any site is the same in both sequences (Cornish-Bowden, 1977 ).
For comparing proteins with lengths N, and N, that are similar but unequal I previously suggested a generalized definition using mole fractions (Cornish-Bowden, 1977) , by analogy with the index of Marchalonis & Weltman (1971) . Further study, however, has shown that that definition leads in general to an inconveniently complicated expression for the expected? value of SAn. A much better generalized definition of SAn is the following:
With this definition, and with the same statistical assumption that the probability pi of finding the ith type of amino acid at any site is same for both A and B, Sbn is an unbiased estimator of the number of residues in the longer sequence that are unmatched with identical residues in the shorter sequence when the two are aligned. This may be demonstrated by the following argument. Consider two sequences A and B of lengths L, and L, respectively with no identities apart from those that occur by chance when they are aligned. (I assume that there exists a unique alignment that would be obvious if the sequences were known. This is hardly a reasonable assumption for comparing unrelated proteins, but it becomes one if we assume, as I shall below, that there are an appreciable number of loci at which the residues are identical because of ancestral relationship.) If A is taken by definition to be the shorter sequence, and M is defined as the number of unmatched residues in B, the expected value of M is t The word expected is used in this paper with its precise statistical meaning and not with its vaguer everyday meaning. The expected val ue of a random variable is defined as the mean of its probability distribution.
(cf. Cornish-Bowden, 1977) , and the expected value of the first term on the right-hand side of equation (2) is
Introduction of (NA -LA) additional loci at which the sequences are identical because of ancestral relationship has no effect on the number of differences either between the sequences or between the compositions. Consequently equation (3) may be written in terms of N,,, and NR as follows:
Combining this with equation (2) gives
which shows that SAn is an unbiased estimator of the number M of residues in the longer sequence that are unmatched with identical residues in the shorter sequence when the two are aligned. Practical application of equation (2) 
The two correction terms in this equation approximately cancel out if IN, -N,I is small, as shown in Fig. 1 . This means that the error introduced by using the simpler definition of SAn expressed by equation (1) is of the order of + 2 if the two proteins differ in length by 18 or fewer residues. Comparisons of the compositions of proteins of very different lengths (as opposed to those of unequal but similar lengths considered in the previous section) are likely to be meaningless unless there is a good independent reason for supposing a relationship to exist. There is, however, an important exception that applies to pairs of proteins in which one is double, or approximately double, the size of the other. In this case one may reasonably postulate that gene duplication has occurred in the evolution of the longer sequence but not in the evolution of the shorter one. The sequences of the IXchains of human haptoglobin provide an unequivocal example of this phenomenon (Black & Dixon, 1968) ; the compositions of rat-liver glucokinase and rat-muscle hexokinase type II suggest that they may provide another example (Cornish-Bowden, 1977) . In such cases the sort of correction for unequal length embodied in equation (2) would be inappropriate. Instead, one may postulate that the two halves of the doublelength protein are similar enough in sequence for one to be able to estimate the composition of either half by halving the numbers of residues of each type in the complete composition.
This halved composition may then be compared with the composition of the shorter protein by the method described in the previous section, making any further correction that may be required by any residual small difference in length.
SAn is an unbiased estimator of the number of sequence differences under much weaker assumptions than those that I used to derive expressions for its mean and variance (Cornish-Bowden, 1977) . This may help to explain why it behaves well in practice when applied to related proteins (see the Results section of this paper), even though it can hardly be true that proteins are random sequences of amino acid residues. Although it is not easily possible to derive rigorous expressions for the mean and variance of Sbn under weak assumptions, one may readily deduce the assumption needed for any sequence change to have an expected effect of changing SAn by exactly + 1.
Consider any mutation of an amino acid of thejth type into one of the kth type in one only of the two sequences compared. For clarity I shall assume that only sequence B is changed, but this is not essential to the argument and the result would be the same if it were sequence A that was affected. The mutation cannot affect the 16 terms in the summation for SAn for which ifj,k;only(nj,-n,,)'and(n,,-naa)2 are affected. If the subscripts old and new refer to the states before and after the mutation respectively. then and n,B(n~w) = njB(old) -1 and so
Reference to equation (2) or equation (5) shows that the change in SAn must be
In the absence of any systematic effects on the way in which j and k are selected in any mutation (assuming, for example, that there is no systematic replacement of leucine by valine), it is reasonable to assume that (njA -n,B)old and (nkA-nk&d have expected VhieS of zero. This is a much weaker and more plausible assumption than that the probability distribution of the amino acids is the same at every site, and it predicts that the change in SAn brought about by any sequence change has an expected value of exactly + 1. The derivation does, of course, assume that the two proteins compared have arisen by successive mutations from a common ancestor; if this is not true the conclusion will not be either.
(D) EXPECTED VALUE 0~ SAn FOR UNRELATED PROTEINS If SAn, or any other composition index, is used to compare proteins that have no ancestral or other relationship it is unreasonable to assume that the point probabilities pi are the same for both proteins. This would hardly matter if the proteins were known to be unrelated because then the number of sequence differences would be of scant interest. However, if one used a composition index to investigate the possibility of relationship, as for example by the test that I suggested previously (Cornish-Bowden, 1977 one would want an assurance that there was little danger of deducing a relationship that did not exist in reality. It is therefore appropriate to demonstrate that the effect of assuming different probability distributions for the two proteins must be to increase the expected value of SAn and hence to decrease the danger of obtaining a spuriously significant result. If the point probabilities are different in the two sequences the pi values used previously must be replaced by piA and piB for the point probabilities in sequences A and B respectively. Then, for two unrelated sequences of the same length L, the expected value of SAn, defined by equation (l), is as follows :
and the expected value of M, the number of differences between the two sequences, is as follows:
Combining these two results gives
This expression Cannot be negative and iS zero only if PiA = pis for all i, i.e. only when the point probabilities are the same for both sequences is SAn an unbiased estimator of M. In other cases, when the compositions of unrelated proteins are compared, SAn is likely to overestimate the amount of difference between the sequences. The significance test for Sbn is therefore likely to be highly conservative in practice, i.e. it is unlikely to indicate significant similarity between unrelated proteins.
(E) EFFECT OF EXPERIMENTAL ERROR
In practice, composition determinations are subject to experimental error, which must affect the value of SAn and contribute to the error in estimating the extent of sequence similarity. If niA contains an error &IA and niB contains an error &iB, the error in SAn iS Error in SAn = ) c (niA + EiA -n, -&iB)' -+ c (niA -nir,)2
Under any plausible assumption about the distribution of errors the first summation on the right-hand side of this expression has an expected value of zero, and so
where a: is the variance of niA or niH and pi is the correlation coefficient between the errors in determining the ith type of amino acid in different proteins. As some amino acids are consistently underestimated whereas others are consistently overestimated, it is likely that 0 d pi < 1 for all i values and so the expected error in SAn is unlikely to exceed c 0:. Regardless of the values of the pi, the expected effect of experimental error is to increase SAn and to decrease the chance of detecting sequence similarity. The value of 1 C; in practice must depend on the techniques used and the care taken, and presumably therefore varies from laboratory to laboratory. However, examination of data for several proteins for which compositions are published both as directly measured and as calculated from the sequences (Ramshaw, Scawen, Bailey & Boulter, 1974; Kelly & Ambler, 1974; Milne, Wells & Ambler, 1974; Aitken, 1975) suggests that a typical value of c C$ for a 100-residue protein is about 1.5. Making the reasonable assumption that the coefficient of variation for determination of each type of aminl: acid is Isoleucine  2  3  1  Leucine  3  5  3  Tyrosine  3  3  0  Phenylalanine  0  0  0  Histidine  1  1  0  Lysine  9  7  4  Arginine  3  z  1  Cysteine  10  8  3  Tryptophan  2  0  3  Total  71t  6ot  71t t Insertion of these totals into equation (5) approximately independent of the total number of residues, one would expect c 0: to increase with the square of the length of the protein. Thus one might predict a trivial bias (less than +05) in SAn values calculated from compositions of proteins with fewer than 60 residues, but a bias as high as + 40 for proteins with more than 500 residues. However, even the latter bias is likely to be unimportant in comparison with the inherent 240% imprecision in estimating the number of sequence differences from SAn.
3. Example Table 1 shows how the compositions of long neurotoxin 1 and cytotoxin 1, both from forest cobra, can be used to estimate the amount of sequence identity between them. The crude value of SAn given by equation (1) is 71/2 = 35.5, and the difference in lengths is )71-60) = 11, so the corrected value of SAn is 35.5 -O-035,121 +@535.11 = 37.2. This is an estimate of the number of residues in the longer sequence, long neurotoxin 1, that are unmatched when it is aligned with cytotoxin 1. Reference to the sequences (Dayhoff, 1976, p. 150) shows the correct value to be 51, so the value of 37.2 estimated from the compositions is about 27% low.
Results (A) GENERAL NOTE
The purpose of this paper is to assess the reliability of conclusions derived from composition data in the usual practical situation in which direct sequence information is not available. For this reason, the results given in this paper take no account of amide assignments, which are not usually known from composition measurements. Thus even though most of the sequences used in this study do distinguish between glutamate and glutamine, and between aspartate and asparagine, these distinctions are ignored and the word identical is used to mean "identical apart from possible differences in amide assignments". As a result, for most comparisons the numbers of sequence identities counted are slightly higher than the numbers given elsewhere, for example by Dayhoff (1972 Dayhoff ( , 1973 Dayhoff ( , 1976 DayholI (1972) . For the relationship of these names with the more systematic nomenclature used by Dayhoff (1976) and later in this paper. see Dayhoff (1976, p. 147) .
11 Significant composition similarity according to the 95", conlidence test described m CornishBowden (1977). i.e. SAn less than 42p/, of the length of the shorter sequence. Dayhoff (1972 Dayhoff ( , 1973 to form a series of length varying from 24 to 374 with, as far as possible, no neighbouring pair differing in length by more than a few percent. Only fully determined sequences were included, and no more than AMINO ACID COMPOSITIONS AND SEQUENCE SIMILARITY 381 one protein listed with the same name was used. The sequences were then arranged in order of increasing length [retaining the order used by Dayhoff (1972 Dayhoff ( ,1973 for proteins of equal length] and each was then compared with the proteins 1 and 2 places ahead of it in the order. In all, therefore, the Table  contains 163 comparisons, and each protein, apart from those at the beginning and end, appears in four comparisons. For each comparison, the two sequences were aligned in all possible ways that permitted no gaps except at the beginning and end of the longer sequence. For lengths N, and N,, this allowed IN, -NJ + 1 alignments, and for each of these the sequences were considered to be significantly similar if the prior likelihood of at least the observed number of identities was less than OWl/(IN, -N,I + l), assuming that the probability of a random identity was 0.07. Thus the test of significant sequence similarity was formally a 99.9% significance test. This high level of significance was chosen because genuinely related sequences are usually so obviously related that a statistical test is hardly necessary. (For example, there are 46 identities between human a-and j?-haemoglobins, but as few as 22 would be sufficient to satisfy the 99.9?; significance test.) For each composition comparison, SAn was calculated as defined by equation (5) and was considered significant if it was less than 42% of the length of the shorter sequence: this is formally a 957; significance test if applied to sequences of equal length with amino acids distributed in both sequences with the same point probabilities (Cornish-Bowden, 1977) but one would expect it to be a much more conservative test when applied to unrelated proteins [cf. equation (7)].
Of the 163 comparisons in Table 2 , 19 showed significant sequence similarity. Of these 19, 7 also showed significant composition similarity, but 12 did not. This accords with one's intuition that it should be more difficult to detect similarity when the sequences are not known. Of the remaining 144 comparisons that showed no significant sequence similarity, all 144 failed to show significant composition similarity.
In summary, the composition significance test proved highly conservative in practice, as predicted by equation (7). Although one might anticipate about 9 spuriously significant results out of 144 trials with a 95% test, none were observed. This suggests that in general a value of SAn less than 42% of the length of the shorter sequence is virtually certain to indicate an appreciable amount of sequence identity.
To test the properties of SAn when applied to pairs of related proteins, for which the statistical assumptions underlying the theory of SAn should be approximately correct, seven sets of related sequences were selected from Dayhoff (1976) . These ranged from the snake venom toxins, a diverse set with 77% sequence difference between the most dissimilar pair and lengths ranging from 60 to 74 residues, to the r-chains of haemoglobin from primates, a much more homogeneous set with only 1 lo,, sequence difference between the most dissimilar pair and all with 141 residues. Apart from a slight tendency of SAn to overestimate the number of sequence differences. which is understandable in the light of equation (7) the results, which are summarized in Table 3 , are remarkably good. Not only is the mean value of SAn/M within a few percent of the predicted value of 1.0 in every case, but the coefficient of variation is in every case close to the predicted value of 38"" (Comish-Bowden, 1977) .
Although the scatter of Sbn values about their means is considerable, it is not so great as to vitiate SAn as a guide to the extent of sequence identity. This is illustrated in Fig. 2 , which is a plot of all the results obtained with the set of 15 myoglobin sequences. The worst group of results in this example consists of the six points at M = 19, which show SAn values ranging from 5 to 40: but this &fold range in estimates of the amount of difirence between the sequences corresponds to a usefully narrow range, from 74% to 97x, of estimates of the amount of similarity between them, the correct value being 88%. The same effect operates in reverse when very dissimilar sequences are compared, but this is not a severe drawback because there is little value in being able to quantify the amount of similarity accurately if it does not exceed random chance.
In spite of the ease with which protein compositions can be determined, they have not often been used to deduce evolutionary relationships between proteins, because they have been thought to provide too crude a measure of (1976) is used. except that "broad-banded blue sea-snake" is abbreviated to "blue sea snake". sequence similarities. However, the micro-complement fixation method, an immunological technique introduced by Sarich & Wilson (1966) has been used extensively in evolutionary studies even though it is of comparabie precision. Prager & Wilson (1971) have shown that it can provide phylogenetic trees that are similar to those obtained from comparisons of the sequences of the same proteins. The statistical character of the micro-complement fixation method is less clear than that of composition indexes, because the relationship between sequence and antigenicity is much less well understood than the relationship between sequence and composition. Nonetheless, Nei (1977) has recently analysed several sets of data and has estimated that the coefficient of variation of the micro-complement fixation index of difference AMINO   ACID  COMPOSITIONS  AND  SEQUENCE  SIMILARITY   385 is about 60x, appreciably worse than the 40% predicted for SAn (CornishBowden, 1977) and observed in practice with the seven sets of proteins listed in Table 3 . Figure 3 shows phylogenetic trees for the snake venom toxins derived from their sequences and compositions by the simple clustering method described by Nei (1975) . [In the terminology of Sneath & Sokal(1973) , this is the UPGMA method, or "unweighted pair-group method using arithmetic averages".] Although there are obvious differences between the two trees, the similarities are nonetheless striking. The main defect of the composition tree is that it separates the long neurotoxins into two groups that appear to be more distantly related than they are in fact. The other major groups, the short neurotoxins and the cytotoxins, are correctly grouped and separated both from each other and from the long neurotoxins. The composition tree also places the two short toxins from green mamba, neither of which has any close relatives, in two separate groups, though the estimated 37 differences between them is not far from the correct value of 33. Within the main groups the toxins are grouped almost correctly: there are no important errors within the group of long neurotoxins; the arrangement of the cytotoxins would be essentially correct if the positions of cytotoxin 2 from Indian cobra and cytotoxin 4 from Mozambique cobra were interchanged ; the arrangement of the short neurotoxins is less good but still similar to that in the tree derived from the sequences.
Similar pairs of trees have been constructed for the other sets of proteins in Table 3 , with similar results: in no case is there perfect agreement about grouping, but in all cases the results are similar enough to suggest that composition comparisons can provide a useful guide to likely evolutionary relationships.
Discussion
The results of this paper show that protein composition indexes can provide useful information about sequence similarity in both of the main contexts in which they are likely to be used. First, in comparisons between proteins that are not known to be related, the test of significant composition similarity (Cornish-Bowden, 1977) provides very conservative results : in all of the cases studied a significant result was obtained in this test only when the sequences were indeed significantly similar; in 144 comparisons between pairs of proteins for which no significant sequence similarity was detected, the composition test indicated no significant similarity of composition. Second, when applied to seven sets of related proteins, the composition index SAn gave results in good agreement with theory, both mean and dispersion being close to the predicted values. Black & Harkins (1977) have shown that the similarities between the compositions of cytochrome c from different species agree well with the phylogenetic relationships deduced from the sequences. Moreover, both theory (Cornish-Bowden, 1977 ) and the results of this paper indicate that the scatter of SAn values about their theoretical values is substantially less than the scatter of values given by the micro-complement fixation method (Nei. 1977) , a method that has been extensively used for the construction of phylogenetic trees (Prager & Wilson, 1971) . This raises the question of whether Prager & Wilson (1971) are justified in their view that comparison of compositions is not sensitive enough to provide a useful method of constructing phylogenetic trees. The results of this paper, and in particular the trees in Fig. 3 , suggest that they are not: the tree drawn for the snake venom toxins from their compositions is similar in most respects to that drawn from the sequences. One may argue therefore that amino acid compositions offer a value source of information about evolutionary relationships, which has so far remained largely untapped.
